Background: ZODIAC was a randomized phase III study of second-line treatment in patients with advanced non-small cell lung cancer (NSCLC) that evaluated the addition of vandetanib to docetaxel. The study showed a statistically significant improvement in progression-free survival and objective response rate, but not in overall survival for unselected patients. This study evaluated epidermal growth factor receptor (EGFR) gene mutation, copy number gain, and protein expression, and KRAS gene mutation, in pretreatment tumor samples as potential biomarkers predicting benefit from vandetanib as second-line treatment of NSCLC.
introduction
Vandetanib is a once-daily, oral anticancer agent that selectively targets the vascular endothelial growth factor receptor (VEGFR), epidermal growth factor receptor (EGFR) and REarranged during Transfection (RET) tyrosine kinases [1, 2] , and is currently approved for the treatment of symptomatic or progressive medullary thyroid cancer [3, 4] . ZODIAC (NCT00312377), a randomized, double-blind, multicenter, placebo-controlled phase III study, investigated the efficacy of vandetanib (100 mg daily) plus docetaxel versus docetaxel alone in patients with previously treated advanced nonsmall cell lung cancer (NSCLC). The addition of vandetanib to docetaxel showed a statistically significant improvement in the primary end point of progression-free survival (PFS) and in objective response rate (ORR), but not in overall survival (OS) [5] . The focus of the prospective biomarker analyses in the ZODIAC study was on as potential markers of differential benefit from EGFR tyrosine kinase inhibitors (TKIs), including EGFR protein expression, EGFR gene amplification, EGFR gene mutation [6, 7] , and KRAS gene mutation [8] , since, at the study outset, no tumor biomarkers predicting sensitivity to VEGFR2 inhibitors in NSCLC had been identified. The results of these analyses are reported here.
patients and methods

study design
Full details of the ZODIAC study have been published [5] . The primary objective of the trial was to determine whether vandetanib added to docetaxel prolonged PFS compared with placebo plus docetaxel. Secondary efficacy end points included OS and ORR. Patients were given the option of providing an additional informed consent to allow archival tumor samples to be used for the purposes of biomarker research. All biomarker analyses were completed before the study was unblinded.
sample analysis
Biomarker analyses methods and the demographics and baseline characteristics for patients with evaluable tumor samples are described in supplementary Methods (available at Annals of Oncology online).
statistical analysis
The ZODIAC study had two co-primary analysis populations [5] and, therefore, the conventional two-sided 5% significance level was adjusted to 2.5% for all subgroup analyses, and further adjusted to 2.42% for PFS and 2.48% for OS due to a single interim analysis. All P values are two-sided. The subgroup analyses presented here were prospective and due to their exploratory nature, no adjustment for multiple testing was used. PFS and OS were analyzed using the log-rank test (unadjusted model with treatment factor only) and ORR was analyzed using logistical regression. Due to the number of patients and number of variables, multivariate analyses were not carried out. All statistical analyses were done using SAS version 9.1.
results
The benefits of vandetanib treatment did not appear to be different in patients with EGFR protein expression positive (IHC+) or negative (IHC−) tumor samples compared with unselected patients in terms of the primary end point (PFS), or secondary efficacy end points (OS, ORR) (Figure 1, supplementary Tables  S1-S3 , available at Annals of Oncology online).
There were increased proportions of Asians (46% versus 24%), nonsmokers (21% versus 11%) and adenocarcinoma histology (67% versus 52%) among patients with EGFR gene amplification-positive (FISH+) tumor samples compared with patients with EGFR gene amplification-negative (FISH−) tumor samples. In the EGFR FISH+ patient subgroup, the observed outcomes suggest benefit for vandetanib over placebo in terms of PFS [hazard ratio (HR) 0.61; 97.58% confidence interval (CI) 0.39-0.94; P = 0.010; median 4.7 versus 2.7 months], OS (HR 0.48; 97.52% CI 0.28-0.84; P = 0.003; median 16.8 versus 9.0 months), and ORR (22.7 versus 7.0%; odds ratio 3.90; 97.5% CI 1.02-14.82; P = 0.023). In contrast, for the EGFR FISH− patient subgroup, the data suggest a lack of benefit of vandetanib treatment compared with placebo ( Figures 1 and 2 , supplementary Tables S1-S3, available at Annals of Oncology online).
EGFR mutation status
A greater proportion of patients with EGFR mutation-positive (MT+) tumor samples were female (42% versus 25%), East Asian (74% versus 29%), nonsmokers (42% versus 12%), stage IV (96% versus 84%), or had adenocarcinoma histology (92% versus 50%) compared with patients with EGFR mutation negative (MT−) tumors. Patients with EGFR MT+ tumor samples had outcomes suggesting improved PFS in the vandetanib arm compared with the placebo arm (HR 0.51; 97.58% CI 0.25-1.06; P = 0.038; median 7.6 versus 5.9 months), OS (HR 0.46; 97.52% CI 0.14-1.57; P = 0.155; median not reached versus 18.6 months) and ORR (56.3 versus 27.8%; odds ratio 3.34; 97.5% CI 0.80-13.89; P = 0.058). There did not appear to be a benefit of vandetanib compared with placebo in patients with EGFR MT− tumor samples (Figures 1 and 3 
KRAS mutation status
A smaller proportion of patients with KRAS MT+ tumors were Asian (12% versus 38%), nonsmokers (5% versus 19%) or had squamous histology (9% versus 33%) compared with patients with KRAS MT− tumors. In patients with KRAS MT+ tumors, the data do not suggest a clear benefit for the vandetanib arm compared with placebo in terms of PFS (HR 1.04; 97.58% CI 0.51-2.15; P = 0.898; median 2.9 versus 2.3 months), OS (HR 0.78; 97.52% CI 0.35-1.75; P = 0.485; median 6.9 versus 6.7 months), or ORR (8.7% versus 5.0%; odds ratio 1.81; 97.5% CI 0.11-30.83; P = 0.639). There was benefit of vandetanib in KRAS MT− tumors but this was similar to that seen in unselected patients ( Figures 1 and 4 , supplementary Tables S1-S3, available at Annals of Oncology online).
The focus of the planned analyses was to evaluate potential predictive markers for vandetanib plus docetaxel, but it was also of interest to consider how the biomarker subgroups were associated with docetaxel response. For patients in the docetaxel alone arm, median PFS (5.9 months) and OS (18.6 months), and ORR (28%) were higher in the EGFR MT+ subgroup than in EGFR MT− (3.0 and 9.3 months, and 10%, respectively), In contrast, docetaxel treatment alone was associated with lower median PFS and OS, and ORR values in KRAS MT+ patients (2.3and 6.7 months, and 5%, respectively) than in KRAS MT− patients (3.6 and 10.3 months, and 12%, respectively). The EGFR FISH+ and FISH− subgroups appeared to have similar clinical efficacy outcomes when treated with docetaxel alone (Figures 2-4 treated NSCLC, in a randomized phase II study [9] . Nonetheless, in the subsequent phase III trial in a biomarker unselected population, the therapeutic impact of adding vandetanib to docetaxel yielded modest advantages in efficacy for PFS and ORR, but not OS [5, 10] . A recent meta-analysis of six combination studies with chemotherapy in advanced NSCLC concluded that although vandetanib has clinical activity, identification of predictive biomarkers is required to select subsets of patients with who may benefit from vandetanib [11] . This prospective, exploratory study was undertaken to evaluate which prespecified tumor biomarkers might identify subgroups of patients who received greatest relative benefit from vandetanib treatment in combination with docetaxel in the ZODIAC trial.
In the EGFR FISH+ patient subgroup, PFS, OS, and ORR had better observed outcomes in the vandetanib arm compared with placebo. The effect size (based on HR values) appeared large, with P values <0.025, despite the small subgroup size (n = 123) compared with the full study population (n = 1391), although no adjustment was made for multiplicity. Of note, the data suggest a benefit for vandetanib in patients with EGFR FISH+ tumors even when the tumor was EGFR M−, but no benefit for vandetanib treatment in patients with EGFR FISH− tumors. Other studies have suggested tumor EGFR FISH status as a potential predictive biomarker for EGFR tyrosine kinases in NSCLC, when used as monotherapy [12, 13] or in combination with chemotherapy [14] . In other studies, however, this association was not observed [15] or only occurred in EGFR FISH+ patients who also harbored a concurrent EGFR mutation [16] .
We also saw that patients with EGFR MT+ tumors had trends favoring vandetanib in terms of ORR and PFS. The small number of EGFR MT+ patients in this study is likely to have original articles Annals of Oncology reduced our ability to detect a statistically significant effect of vandetanib even though the effect size appeared large. Nonetheless, our data do suggest that activating EGFR mutations may be a marker for vandetanib benefit when used in combination with chemotherapy. Consistent with earlier studies, our data also suggest that EGFR MT+ tumor status is a marker of good prognosis for advanced NSCLC patients [17, 18] . The current data provided no evidence for any differential benefit of vandetanib treatment based on KRAS gene mutation status, although the small number of patients with KRAS MT+ samples means that only very marked differences would have been detectable. Patients with KRAS MT+ tumors appeared to do poorly irrespective of treatment arm supporting previous suggestions that KRAS MT+ tumor status may be a marker of poor prognosis for advanced NSCLC patients [19, 20] . Since vandetanib simultaneously inhibits both EGFR and VEGFR2 signaling [21] , it is not possible in the present study to determine whether the biomarkers are of benefit from pharmacological inhibition of one or both of these targets, although the association between benefit from vandetanib and EGFR biomarkers suggests that the activity of the drug is mediated, at least in part, through inhibition of EGFR. However, in the randomized phase III BETA study comparing the combination of erlotinib and bevacizumab with erlotinib alone, the EGFR mutant subgroup appeared to derive greater benefit from the addition of bevacizumab suggesting that dual blockade of the VEGF and EGFR pathways may be particularly active in EGFR MT+ tumors [22] . Nonetheless, the present study raises the possibility that the combination of docetaxel chemotherapy and an EGFR TKI in patients with EGFR FISH+ and/or EGFR MT+ tumors may be worthy of further investigation since previous studies that suggested no benefit of EGFR TKIs in combination with chemotherapy were in unselected patients. [23] [24] [25] [26] .
In the docetaxel arm alone, it is noteworthy that the EGFR MT+ subgroup had a higher ORR compared with the EGFR MT − subgroup (28% versus 10%). This is consistent with earlier studies, such as the first-line IPASS study in which ORRs of 47.3% and 23.5% were observed in the EGFR MT+ and MT− subgroups, respectively, following first-line doublet chemotherapy [27] . Interestingly, we did not see the same trend in patients with EGFR FISH+ tumors, where ORR rates for docetaxel alone were not appreciably different from EGFR FISH− tumors (7% versus 10%). This suggests that while there is some overlap in the EGFR MUT+ and FISH+ tumors, the two groups differ in their responsiveness to chemotherapy. In the current study, patients with KRAS MT+ tumors treated with docetaxel alone had a response rate of 5% (1/20), a PFS of 2.3 months, and an OS of 6.7 months; consistent with a previous study [28] . Taken together, these two studies suggest that NSCLC patients with KRAS mutations treated with docetaxel alone may have particularly poor outcomes. The current study focused on certain prespecified biomarkers but additional tumor biomarkers associated with the other molecular targets of vandetanib might further refine the identification of patients who get the greatest benefit from vandetanib in NSCLC. For example tumor cell expression of VEGFR2 has been demonstrated in lung cancer [29, 30] , and although its biological role is not yet known, it may impact response to vandetanib [31] and other VEGFR signaling inhibitors. In addition, somatic gene fusions leading to RET kinase activation have been reported recently in NSCLC patients [32] [33] [34] , and these may also represent an additional patient subgroup with the potential to gain differential benefit from RET inhibitors, including vandetanib [35] although the low frequency of RET mutations among NSCLC patients makes it unlikely that this would have significantly influenced the present study.
In conclusion, these biomarker analyses suggest that EGFR gene copy number (EGFR FISH+) and possibly EGFR mutation status (EGFR MT+) may be useful in identifying those patients who receive the most clinical benefit from vandetanib plus docetaxel as a second-line treatment of advanced NSCLC. Additional, prospective studies in biomarker-selected patients will be required to confirm these observations. 
